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Estimation of highest burning rate of AP/HTPB composite propellant
with experimental approach (1I)
- Estimation of highest burning rate by use of AP particle property -

Makoto Kohga' and Yutaka Hagihara’

The upper limit content of AP incorporated in AP/HTPB composite propellant, @, exists because of the
requirements for the preparation of propellant. The buming rate increases with increasing the AP content and
the buming rate of the propellant prepared at @, 1y is the highest value of the propellant prepared with AP
used as an oxidizer. It is necessary 1o estimate r, because the buming rate is one of the important properties
for the propellant design. An attempt was made to find out the estimation of r, with the experimental
approach in this study.

As the specific surface area, Sy increases, r, increases below 700 m’-kg™ and decreases above that. This
relationship is expressed by a convex line. It is found that the r, can be estimated by Sw on the basis of the
plotof r, versus Sw. The upper limit of r, exists and r, of propellant prepared with AP, of which Sy is 700
m®-kg”, is the maximum value of AP/HTPB composite propellant. The maximum of r, is 25.2 mm-s™ at
7 MPa in this study. It is found that r, is dependent on @, and Sy greatly, and the maximum value of r 4
could be obtained at the particular combination of @,,, and Sy. The effect of @, on 7, was corrected by
the multiplication of @,,, by the increasing ratio of the buming rate upon Sy. The effect of Sy on r,, was

corrected by the multiplication of Sy by the increasing ratio of the burning rate upon the AP content.

1. Introduction

For the design of a composite propellant, the burning
rate is one of the important properties. As the burning
rate increases, the amount of combustion gas per unit
time increases and larger thrust could be obtained.
Therefore, a higher buming rate propellant is required.
The burning rate of ammonium perchlorate (AP)/
hydroxyl - terminated polybutadiene (HTPB) composite
propellant increases with increasing AP content. The
larger AP content of the propellant should be required to
obtain the higher buming rate AP/HTPB composite
propellant. The upper limit content of AP incorporated
in propellant, @, exists because of the requirements
for the preparation of AP/HTPB composite propellant"?,
The burning rate of the propellant prepared at @, 7
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is the highest valuc of the propellants prepared with AP
used as an oxidizer. It is important for the design of
AP/HTPB composite propellant to estimate r,. The
burning rate characteristics of AP/HTPB composite
propellant have been investigating, however, r, have
little been published to date.

In the previous study”, a lot of propellants were
prepared with many kinds of AP sampiles, e.g. spherical
AP, porous AP, hollow AP, narrow distribution, wide
distribution, monomodal, bimodal, etc., and the burning
rate characteristics of the propellants were investigated in
order to develop the estimation of r , with the
experimental approach. The following results were
obtained: 1) The ranges of @, andr, at 7 MPaare 72
—85 wt% AP and 11.7—25.2 mm-s™, respectively.
2)The increment of burning rate increased remarkably
with coming close to @,..,. The increasing ratio of the
burning rate upon the AP content, @ increases with
increasing specific surface area less than 500 m'-kg™,
and is the maximum and almost constant above that.
3)The increasing ratio of the burning rate upon the



162 Sci. and Tech. Energetic Materials, Vol.64, No.4, 2003

specific surface area, 4 increases lincarly with the AP
content. In this study, an attempt was made to find out
the estimation of 7, on the basis of the previous paper®.

2. Experimental

The particle properties of AP samples are shown in
Table 1. These samples were the same as materials used
in the previous report”. Samples A—E were prepared
by grinding commercial AP for 5, 10, 20, 30 and 40
minutes in a vibration ball mill. The shape of samples A
—E was spherical and the panticle size distribution was
wide. Sample F was prepared by shifting sample E.
Sonic sifter was used as a sifter. Sample F was AP
particles passed 38 £ m. The shape of sample F was
spherical and this particle size distribution was namrow.

Samples G — Q werc prepared by the spray-drying
method*®.
freeze-drying method”. The shapes of samples G—1,

Samples R and S were prepared by the

samples J—O and samples P—S were spherical, porous
and hollow, respectively.
mixture of two AP samples and, therefore, thesc

Samples a — h were the

distributions were bimodal. The mean volume-surface
diameter on number basis, D,, and the specific surface
area, Sy are shown in Table 1. The D,, was measured
by use of the SEM photographs and Sy was determined
by air-permeability method. The ranges of D,, and Sy
are 2—110 1 mand 40—1200 m-kg™, respectively.
The burming rate characteristics were also investigated
in the previous report. Table | also shows @, r,, and
@. Table 2 shows the value of £ at each AP content.

Table 1 Particle properties of AP and burning rate characteristics of propellant

P |
Symbol | Du(rm) | Selmi-kg") | Gmar(w%) ro (mms™) e | B,0)
1 MPa 7 MPa

A 110 40 85 5.3 1.7 1.7 0. 0400
B 70 50 85 5.3 12.1 1.9 0. 0400
C 50 100 84 5.4 2.4 2.1 0. 0376
D 40 150 83 5.4 12.8 2.6 0.0364
E 40 80 83 5.5 14.2 3.1 0.0364
F 20 260 82 5.7 I5. 1 3.5 0.0334
G 2 1010 75 6.2 16.9 4.6 0.0013
H 2 940 6 .9 19.8 4.1 0.0163
I 3 900 71 7.2 21.8 4.3 0.0182
] 6 1060 13 5.8 15.4 5.2 0. 006!
K 8 450 80 6.9 19. | 4.5 0.0298
L 1 180 i 7.4 2.2 5.5 0.0182
M 4 840 7 7.1 23.1 4.5 0.0182
N 3 990 14 6.2 1.2 5.1 0. 0094
0 4 860 6 7.1 21.1 4.8 0.0163
P 3 1200 7 4.7 3.1 5.0 0. 0046
Q 3 1160 7 5.2 12.2 4.1 0. 0046
R 4 610 80 9.3 2.6 4.9 0.0274
s 1 370 81 1.5 19.5 5.9 0.0298
a 2 480 80 1.2 20.5 4.7 0.0274
b 10 470 80 1.3 19.8 4.9 0.0274
¢ 5 550 80 8.9 22.8 4.5 0. 0274
d g 220 83 5.9 3.5 3.0 0. 0364
e 6 310 82 6.2 14.2 3.5 0. 0334
f 2 820 18 1.2 22.2 5.2 0.0215
g 2 690 19 8.9 2.2 5.1 0.0240
h 2 630 79 9.1 2.1 5. 4 0.0240




Sci. and Tech. Energetic Materials, Vol.64, No.4, 2003 163

Table 2 Value of £ at each AP content

AP content (wi%) B ()
12 0. 0046
73 0. 0061
74 0.0094
75 0.0113
76 0.0163
117 0.0182
18 0.0215
19 0.0240
80 0.0274
81 | 0.0298
82 0.0334
83 0. 0364
84 0.0376
85 0. 0400

3. Results and discussion
3. 1 Estimation of r,

The burning rate is affected by the AP content.  This
suggests that r, would be related to @p,,. Figure |
shows the dependence of @, on r,. AsS @,
increases, r, increases less than 79.5 wi% AP and
decreases above that, The r, is greatly influenced by
the AP content, however, the values of r, are different at
constant @,,,. For example, the values of o&,,, for
propellants K, R, b and ¢ are constant, 80 wt% AP, and r,
of these propellants is different from one another
according to Table 1. The difference in r, between
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propeliants K and R is 5.5 mm*s™ at 7T MPa and this
value cannot be neglected with regard to estimation of r .
These results indicate that r, is influenced by &,
however, r, cannot be estimated by @,,,, only.

The burning rate increases with decreasing diameter of
AP or increasing specific surface arca. The flame of AP
composite propellant is a so called diffusion flame, and
the model of Multiple Flames® is gencrally accepted as a
model of the flame structure.  According to the model of
Multiple Flames, the oxidizer and binder decomposition
products diffuse and mix and, conscquently, the
combustion occurs. It can be considered that the
combustion of AP occurred on the surface of AP particle.
Some porous and hollow AP samples were used in this
study. This suggested that Sy would be an appropriate
property to express the surface area of AP particle
contributes to the combustion, compared with D,,. The
Sw was used as the particle property to represent the size
of AP particle relates to combustion in the following
discussion.

The @y of propellant A is the largest in this study,
however, r, of this propellant is the lowest. This
would be because Sy of sample A is small. It can be
considered that », would be greatly dependent on @,
and Sy and the highest value of r 4 could be obtained at
the particular combination of @y, and Sy. The &,
can be estimated with Sy”. These suggests that r, can
be expressed by Sy.  Figure 2 shows the dependence of
Swonr, AsSy increases, r,, increases below 700 m’-kg
and decreases above that.  The relationship is expressed
by a convex line. It is found that r, can be estimated
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estimated by Sy on the basis of Fig.2.

The plot of log (burning rate) against log (pressure) for
the propellant prepared at @, is approximately lincar”.
The r, at cecrtain pressure could be estimated almost
exactly by the straight line drawing with two points, the
values of r, at | MPa and 7 MPa, on a log (burning rate)
— log(pressure) graph. The r, at | MPa and 7 MPa
can be cstimated by Sy on the basis of Fig.2.

If the preparation of the propellant was different from
that in this study, the value of r, would be varied.
However, it was expected that r, could be estimated by Sy

3. 2 Quantitative analysis

The relationship between r, and Sy is represented by
a convex line as shown in Fig.2. This suggested that r,
would be affected by two factors that one factor would
cause 10 increase r, and another factor would cause to
decrease r, as Sy increases. The influences of these
two factors on r, were analyzed quantitatively below on
the basis of the burning rate characteristics.

As mentioned in the previous section, r, would be
influenced by @, and Sy greatly. The @ represents
the increasing ratio of thc burning rate upon the AP
content at the constant Sy. As Sy increases, @
increases less than 500 m’-kg' and is approximately
constant and the maximum above that”. It could be
considered that the influence of Sy on r, could be
expressed by the product of @ and Sy. The @Sy was
calculated on the basis of the data as shown in Table 1.
Figure 3 shows the influence of Syon @Sy. The a@Sw
increascs with increasing Sw. It seems that the

relationship is linear. However, the relationship is
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Fig.3 Influence of S+ on aSw Relationship

represcnted by a parabola linc less than approximately
500 m*-kg"', the broken line, in the case of the magnified
scale because @ increases with increasing Sy less than
500 m!.kg’l 3)‘

The £ represents the increasing ratio of the burning
rate upon Sy at the constant AP content. The £
increases linearly with the AP contemt”. The £
corresponding to @,.,, £, of cach AP sample was
determincd on the basis of data as shown in Table 2.
The results are also shown in Table 1. It could be
considered that the influence of @, on r, could be
expressed by the product of £, and &,,. The £,
@ ax Was calculated on the basis of the data as shown in
Table I.  Figure 4 shows the influence of Sy on 5 4 O s
The £, @,.q decreascs lincarly with increasing Sy.
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Figure 5 shows the relationship between aSy* 8 , @
and Sy. The relationship is expressed by a convex line.
The @Sy* 8B 4 @ increases below 700 m’-kg” and
decrcases above that, as Sy increases. This convex line
is in a similar manner as the relationship between r, and
Sw as shown in Fig.2. This fact suggests that r, is
dependenton @Sy and £, &, greatly.

The values of both @Sy and £, @ should be
larger in order 1o obtain higher r,. The larger a8y is,
the smaller 8 , @, becomes as shown in Figs.3 and 4.
This indicates that the upper limit of r, exists and r, of
propellant prepared with AP, of which Sy is 700 m*-kg™,
is the maximum value according to Figs.2 and 5. The
maximum buming ratc of AP/HTPB compositc
propellant is 25.2 mm*s™ at 7T MPa within the limits of
this study.

An attempt was made to obtain the experimental
equation to estimate r, at 7 MPa. The ratio of r,, to
B o Pmax, that is, r,/ (8 , D), was calculated on the
basis of Table 1. Figure 6 shows the relationship
between 7,/ (B 5 Ppa) and Sy. The ro/ (8 4 ol
incrcases with increasing Sy. This relationship can be
made the approximation with the following equation.

ro/ (B o O pa) =3.24 exp(0.002S,,) m

As shown in Fig4, £, @, is closely associated with
Sw. The relationship between 3 4 @ o, and Sy can be
expressed by the following equation.

B o Oma=0.0026S, +3.51 (2)
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Substituting Eq.(2) into Eq.(1),
ro=(0.00265,+3.51) X3.24 exp(0.0025,) (3

Equation (3) is expressed by the broken line in Fig.2.
Equation (3) is a convex line, however, this equation
could not agree with the experimental values.

Some porous or hollow AP samples were used in this
study. There is the bubble contamination in propellant
prepared with porous or hollow AP which influence r .
In addition, r, would be not only affected by @, and
Sw but also by the shape of AP, the distance between two
adjacent AP particles in the propellant, the temperature
gradient in the vicinity of the burning surface, the
diffusion distance and gas reaction in the gas phase, etc.
It is necessary to investigate the influences of these
factors on the burning rate in order to obtain the accurate
experimental equation for the estimation of r,. The
experimental equation to estimate r, could not be
obtained in this study, however, it is found that 7, can be
cstimated by Sy on the basis of Fig.2,

4. Conclusions

The upper limit content of AP incorporated in AP
/HTPB composite propellant exists, &,,,, exists because
of the rcquirements for the preparation of propellant.
The burning rate increases with increasing the AP content
and the burning rate of the propellant prepared at &,,,,,, 7
is the highest value of the propellant prepared with AP
used as an oxidizer. An attempt was made to find out
the estimation of r, with the experimental approach in
this study.

As the specific surface area, Sy increases, r, increascs
below 700 m’-kg"' and decrcases above that. This
relationship is expressed by a convex line. It is found
thatther, can be estimated by Sy on the basis of the plot
ofr, versusSy. The upper limit of r, existsandr, of
propellant prepared with AP, of which Sy is 700 m-kg !, is
the maximum value of AP/HTPB composite propellant.
The maximum of r, is 25.2 mm-s™ at T MPa in this
study. Itis found that r, is dependent on @, and Sy
greatly, and the maximum value of r, could be obtained
at the particular combination of @, and Sy. The effect
Of @mer0nr, was corrected by the multiplication of &
mar bY the increasing ratio of the buming rate upon Sy.
The cffect of Sy on r, was corrected by the
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multiplication of Sy by the increasing ratio of the burning
rate upon the AP content.

The experimental cquation to cstimate r,, could not be
obtained because the influences of the other factors,
except @, and Sy, on r, could not be revealed within
the limits of this expcriment.  These influences should
be investigated in detail for the future in order to obtain
the accurate experimental cquation to estimate r .
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HENERIZE S AP/HTPB RO VHRTw MEERD

BREGIRPEREE DR (1)

— AP ORI FHREIC & 2 B RFEEEE D HEH —

HEL a0 BE W

AP/HTPB %>Ry MEERIZIIHE LOREMNH 012, HEEHKBPIZRAGER AP SHED
LR, 6, 55, AP STTRORIIC U7 ASOIREEHE ML, ¢, TR S N HEESR OMAKERIL,
roft, Mf AP TERTE HIMEEMIEDRAIMER 5. AP/HTPB = 23K Yy MEERZEHT S L
T, r BT B ERTETH D, AERTIR, BROTFEIIL>T, r 20T D HiEZ RV
ZEERRHT,

JU = AP DHLETIR w28 100 m* kg™ LA FIZBWT, r i Sy DRMMIZ L7223V RE< D, Tkl
ETRMO U, r & S, QBB TEINE. AP O Sy Z2RETNIE, TOAPDrldr,c Sy
OlEETO Y P LN SR TES Z&hthholz, r i3 ERAH O, S 700 mkg' LD
AP Z W THiti XN - il 35D r A5, AP/HTPB %2 KTy b HEHEIE A K T & B ARBEMUE D Ik fifd
LB ERthho e, AIROWMATIE, r ORKIHEE 25.2mm-s ' (TMPD) TH 2720 1ol dpa &
Sy ILKEKIET BT ENDM DI, r I RIET O, DEEI, Sw (2t ARRBEEE DR &
B EicE o THIESN, r lCRIET Sy OWBIL, 6, (5T SMBEHIEORIRE RTDH Z LIC K
STHIEEhBZ Ehthholz,
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